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The study simulates of aerosol dynamics including coagulation, deposition and source
reinforcement. Typical applications are for nuclear reactor aerosols, aerosol reaction
chambers and the production of purified materials. The model determines the aerosol
number and volume distributions for an arbitrary number of particle-size classes, called
sections. The user specifies the initial aerosol size distribution and the source generation
rate of each component in each section.
For spatially homogeneous aerosol of uniform chemical composition, the aerosol dy-
namic equation is solved in closed volume to simulate the radionuclide particle transport
in the containment. The effects of initial conditions on the aerosol distribution, boundary
layer thickness and the aerosol behaviour under source reinforcement (external source) are
considered.
Copyright © 2014, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. All rights reserved.1. Introduction
For the description of aerosol behaviour in reactor contain-
ment, it is important to know General Dynamic Equation
(GDE) Eq. (1) (Sehgal, 2012; Williams & Loyalka, 1991). Thenðv; tÞ
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dent have a particle diameter in the range from 0.1 mm to
20 mm and these ranges cover the continuum and slip flow
regime (Brockmann & Tarbell, 1984). K(u, v) is called the
coagulation kernel or sometimes the agglomeration kernel.þ Sðv; tÞ|ﬄﬄﬄ{zﬄﬄﬄ}
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Nomenclature
C1 benchmark problem C1
C2 benchmark problem C2
GDE general dynamic equation
K constant coagulation kernel
K(u, v) total coagulation kernel
N(0) or N0 total initial aerosol number
N(t) total aerosol number
Ql(t) integral quantity of aerosol in section l
R(v, t) deposition rate of particles of volume v at time t
per unit fluid volume
S(v, t) number of particles of volume v at time t
injected to the system per unit fluid volume
V(0) total initial aerosol volume
V(t) total aerosol volume
Ei deviation from the exact solution (error value)
n(v, t) aerosol particle volume distribution
n(v, 0) initial aerosol particle volume distribution
q(v, t) aerosol volume distribution
u volume of any aerosol particle
v volume of any aerosol particle
Greek letters
bn,m coagulation coefficient, which represents the
rate of collisions between particles of volumes n
and m
Subscripts
0 refers to initial condition
B refers to Brownian coagulation kernel
G refers to gravitational coagulation kernel
T refers to turbulent coagulation kernel
TD refers to turbulent diffusion
TI refers to turbulent inertial
G refers to deposition or removal due to
gravitational settling
Superscripts
exa. refers to exact solution
num. refers to numerical solution
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volumes between v and v þ dv at time t per unit volume of the
fluid,
K(u, v) coagulation kernel between two particles of volume
u and v per unit fluid volume,
R(v, t) deposition rate of particles of volume v at time t per
unit fluid volume,
S(v, t) number of particles of volume v at time t injected to
the system per unit fluid volume.
The natural attenuation of radioactive material available
for release from nuclear power plants during accidents occurs
because aerosol particles will deposit on surfaces in the
reactor. Aerosols deposit on surfaces because they cross
stream lines of flow over the surfaces or because they extend
far enough to intercept the surface even when the particle
centre of mass is following a streamline. These processes ofgravitational settling and convectionediffusion facilitate
removal of particles from the entire population simulated and
such a process is termed ‘deposition’ (Alipchenkov, Kiselev,
Strizhov, Tsaun, & Zaichik, 2009; Kress, 1980; Wright, 1994)
GDE describing the behaviour of aerosols is a nonlinear,
integro-differential equation of considerable complexity. If all
of the deposition and coagulationmechanisms are included, it
is clear that the only feasible method of solution is a numer-
ical one. Indeed, in practical calculations this is the procedure
and many computer programs exist which solve the dynamic
equation using sectional technique.2. Model description
GDE Eq. (1) cannot be solved analytically in most realistic
cases. Hence, one must resort to numerical methods to solve
the equation exceptwhen some special ratemodels and initial
conditions are employed. Several numerical techniques have
been proposed to solve the equation. Of these, the power
moments method, J-space transform method, and sectional
method have received the most attention. By dividing the
entire particle size domain into m arbitrary sections, one can
define Ql to be an integral quantity of aerosol in section l,
QlðtÞ ¼
Zvl
vl1
qðv; tÞdv ¼
Zvl
vl1
g1v
g2nðv; tÞdv for l ¼ 1;2;3;4;…;m:
(2)
where vl1 is the volume of the smallest particle in section l, vl
is the volume of the largest particle in section l, v0 is the vol-
ume of the smallest particle in section 1, vm is the volume of
the largest particle in section m, g1 and g2 are constants; v is
volume of any aerosol particle, n(v, t) is the volume distribu-
tion function, q(v, t) takes the following:
1. Aerosol number distribution if g1¼ 1 and g2¼ 0 [q(v, t)¼ n(v,
t)]. Then total aerosol number in section l given by Eq. (3).
NðtÞ ¼ QlðtÞ ¼
Zvl
nðv; tÞdv: (3)
vl1
2. Aerosol volume distribution if g1 ¼ 1 and g2 ¼ 1 [q(v,
t) ¼ vn(v, t)]. Then total aerosol volume in section l given by
Eq. (4).
VðtÞ ¼ QlðtÞ ¼
Zvl
vnðv; tÞdv: (4)
vl1
3. Aerosol surface area distribution if g1¼p1/3 62/3 and g2¼ 2/3

qðv; tÞ ¼ p1=362=3v2=3nðv; tÞ:
Note that the upper bound of section l  1 is equal to the
lower bound of section l for l ¼ 2, 3, 4,…, m.
We will present the sectional method that is the numerical
technique we use in this study; in this manner one can obtain
the following set of general sectional equations. Sectional
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2bi;l,
3bl;l and
4bi;l given from
Table 1 (Maiello & Hoover, 2011).
dQl
dt
¼1
2
Xl1
i¼1
Xl1
j¼1
Q iQ j
1bi;j  Ql
Xl1
i¼1
Qi
2bi;l 
1
2
3bl;lQ
2
l
 Ql
Xm
i¼lþ1
Qi
4bi;l  Ql
Zvl
vl1
Rðv; tÞ
ðvl  vl1Þdvþ g1
Zvl
vl1
vg2Sðv; tÞdv;
for l ¼ 1; 2; 3;…;m:
(5)
Model calculates aerosol number and volume concentra-
tion as a function of particle size and time. Model solves the
dynamic aerosol coagulation and deposition problem after
nuclear reactor accident. The processes that may be consid-
ered are coagulation due to Brownian motion, gravity and
turbulence; particle deposition due to gravitational settling
and diffusion (Barrett&Mills, 2002;Mulholland& Baum, 1980).
Loss of particles to the internal surfaces of the containment
can also be an important factor in altering shapes of particle
size distributions. Majormechanisms for particle removal due
to deposition are gravitational settling and diffusion (Powers,
Washington, Burson, & Sprung, 1996).
The flowchart for ourmodel is shown in Fig. 1. Themodel is
based on dividing the particle size range into m sections. The
particle volumes of section l range from vl1 to vlwhere l¼ 1, 2,
3, …, m. Imposing conservation of aerosol volumes and
numbers for each component for all the processes given and
approximating a form of particle size distribution function as
a constant within each section results in a set of differential
equations for the aerosol volume and number concentration
Ql. This set of equations is integrated in time using a
RungeeKuttaeFehlberg.
The model has been benchmarked against analytical
models with excellent agreement. The tested cases also
included scenarios where previously published computa-
tional coagulation and deposition processes (Shaker, Aziz,
Ali, Sirwah, & Slama, 2012). Aerosol model is designed by
wolfram mathematica 7 program and execution on personal
computer.T
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¼2.1. Validation of aerosol model
Aerosol model is validated by comparison with known exact
solutions. The exact and numerical solutions of Eq. (1) can be
found for the constant coagulation kernel K(u, v) and constant
deposition R(v, t) ¼ R0. The deviation from the exact solutions
is calculated as an error in percent which is given by Eq. (6).
Ei ¼

nexa:i  nnum:i
nexa:i

100%; (6)
where ni
exa. is exact solution; ni
num. is numerical solution.
2.1.1. Benchmark C1: only constant coagulation kernel
(K ¼ constant, S and R ¼ 0)
Assume that the coagulation process is the only mechanism
of the aerosol evolution. Coagulation process in Eq. (1) was
solved numerically and analytically in a particular case (con-
stant coagulation kernel and without deposition rate of par-
ticles). Numerical solution given by Eq. (7).
Fig. 1 e Flowchart of computer model for the behaviour of
aerosols in the reactor containment building.
A
B
Fig. 2 e Error value for aerosol number and volume
between numerical and exact solutions within 24 h and
effect of initial total number distribution N0 (10
14, 1013 and
1012 particle m¡3) at the constant coagulation alone and
divided aerosol particle range into 400 sections.
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dt
¼ 1
2
Xl1
i¼1
Xl1
j¼1
QiQj
1bi;j  Ql
Xl1
i¼1
Qi
2bi;l 
1
2
3bl;lQ
2
l  Ql
Xm
i¼lþ1
Qi
4bi;l:
(7)
Eq. (1) solved analytically by Schumann; the solution has
been improved by Mulholland and Baum. Scott has solved
coagulation process in Eq. (1) analytically, using the Laplace
transform technique and the initial exponential distribution
(Williams& Loyalka, 1991). The exact solution is givenbyEq. (8).
nðv; tÞ ¼ 4N0
vm0ð2þN0KtÞ2
Exp

 2
vm0ð2þN0KtÞ v

: (8)
where K is constant coagulation kernel (m3 s1), N0 is the total
initial number of particles per unit volume; vm0 is initial mean
volume of particles present in the distribution.
Error value for aerosol number and volume between nu-
merical and exact solutions to the equation GDE is less than
1011 and 1010 as evident in Fig. 2 respectively. This indicates
that our calculations are fully equivalent to exact solution.
2.1.2. Benchmark C2: constant coagulation kernel and
constant deposition rate of particles (K and R ¼ constant, S ¼ 0)
Loss of particles to the internal surfaces of the containment
can also be an important factor in altering shapes of particle
size distributions. Majormechanisms for particle removal due
to deposition are gravitational settling and diffusion. Simu-
lation of these mechanisms, in the presence of others, is thus
an interesting subject for testing the current numerical
technique.
Coagulation and deposition processes in Eq. (1) were solved
in a particular case (constant coagulation kernel K(u, v) ¼ K
and constant deposition rate of particles R(v, t)¼ R). Numerical
solution given by Eq. (9).dQl
dt
¼ 1
2
Xl1
i¼1
Xl1
j¼1
QiQj
1bi;j  Ql
Xl1
i¼1
Qi
2bi;l 
1
2
3bl;lQ
2
l  Ql
Xm
i¼lþ1
Qi
4bi;l
 Ql
Zvl
vl1
Rðv; tÞ
ðvl  vl1Þdv:
(9)
Williams developed a one dimensional space-time model of
an aerosol in an arbitrary gas stream which includes deposi-
tion and coagulation. The exact solution was obtained for the
case when the deposition term and coagulation kernel
(Williams, 1984). The particle size distribution at any time is
given by Eq. (10).
nðv; tÞ ¼ GN
vm0
Exp

eG
v
vm0

: (10)
where
G ¼ Nþ
2R
K
N0 þ 2RK
: (11)
N ¼ 2R
K
Exp½Rt
1þ 2RKN0

 Exp½eRt
: (12)
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merical and exact solutions to the equation GDE is less than
1011 and 106 as evident in Fig. 3 respectively. This indicates
that our calculations are fully equivalent to exact solution.A3. Results and discussion
3.1. Influence of initial total number
Fig. 4 shows that higher initial total number N0 lead to faster
concentration decay and faster size growth. At high concen-
trations the number of collisions among particles and be-
tween particles and thewalls is higher, thus the concentration
decreases faster than at low concentrations. More collisions
among particles increase the number of larger particles, since
two collided particles form one larger one.
Fig. 5 shows the behaviour of aerosol number distribution
at different times at t¼ 0, 0.5, 2.5 and 5 h respectively for every
section. Particles are deposited faster under the effect of
gravitational settling. The spectrum moves to the right, andB
Fig. 4 e Concentration decay of aerosol number and
volume for varied N0.
A
B
Fig. 3 e Error value for aerosol number and volume
between numerical and exact solutions within 24 h and
effect of initial total number distribution N0 (10
14, 1013 and
1012 particle m¡3) at constant coagulation kernel and
constant deposition rate and divided aerosol particle range
into 400 sections.then starts to decrease due to the fact that most of particles
fall on the ground or are lost from the system.3.2. Influence of boundary layer thickness
Both the diffusional deposition velocity and gravitational
deposition velocity are defined with the concept of thin
boundary layers across which constant gradients, in particleFig. 5 e Behaviour of aerosol number distribution at
different times at t ¼ 0, 0.5, 2.5 and 5 h respectively for
every section.
BA
Fig. 7 e Behaviour of aerosol number and volume when
source reinforcement of particles is injected into the
containment at certain time t ¼ 2.5 h ¼ 9000 s.
A
B
Fig. 6 e Effect of boundary layer thickness on aerosol
number and volume.
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boundary layer thickness has a direct effect on the rate of
particle deposition by diffusional deposition on wall surfaces.
Most nuclear aerosol computer codes, however, use con-
stant values for the boundary layer thickness. The computer
codes either set the value internally or suggest a value be-
tween 0.001 and 0.01 cm (e.g., NAUA uses 0.01 cm, and
CONTAIN uses 0.001 cm). As in Fig. 6, we have used three
values of the diffusional boundary layer thickness, 0.1, 0.01
and 0.001 cm. Diffusion boundary layer thickness, wall tem-
perature gradient, and wall area to volume ratio were found to
be among the variables which affect the aerosol behaviour the
least.Fig. 8 e Effect of source reinforcement on aerosol number
distribution at time 9450 s for every section.3.3. Influence of source reinforcement
Aerosols are released from the primary and secondary coolant
systems and into the containment at specific source rates
during nuclear reactor accidents. This phenomenon of adding
aerosols to the volume of study in the form of new particles is
called Source Reinforcement. These source particles will
coagulate amongst themselves as well as with pre-existing
aerosols, and affect the overall aerosol deposition and
evolution.
New particles may be added into a section from source
reinforcement, and existing particles may be lost from a sec-
tion by deposition onto the surfaces of the containment. We
have extended the aerosol dynamics problem to includeseveral aerosol processes such as deposition, coagulation and
source reinforcement.
Fig. 7 shows the behaviour of aerosol when source rein-
forcement of particles is injected into the containment at
certain time t ¼ 2.5 h ¼ 9000 s, with source density
105 particle cm3 with lognormal distribution. Fig. 8 shows
evolution of aerosol number distribution with and without
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450 s from starting source reinforcement). It is shown that
volume and number of aerosol suddenly increase at the in-
jection time and then starts to decrease again due to
deposition.4. Conclusions
The developed computer model can be used with confidence
for the analysis of aerosol dynamics in containment of a nu-
clear reactor power. It has been demonstrated that the initial
concentration of aerosol particles and boundary layer thick-
ness strongly affects the results. It indicates the large role of
coagulation processes in nuclear reactor containment ana-
lyses. The essential role of Brownian, gravitational and tur-
bulent collision efficiencies has been demonstrated. Therefore
taking them into account in analyses is strongly
recommended.
Results of aerosol model are the following:
 The boundary layer thickness is inverse relationship with
deposition rate of aerosol particles.
 Higher initial total number has higher coagulation and
deposition rates.
 Aerosol distribution suddenly increases at the injection
time of source reinforcement and then starts to decrease
again due to deposition.Acknowledgement
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